We have performed shell-model calculations for nuclei with proton particles and neutron holes around 132 Sn using a realistic effective interaction derived from the CD-Bonn nucleon-nucleon potential. For the proton-neutron channel this is explicitly done in the particle-hole formalism. The calculated results are compared with the available experimental data, particular attention being focused on the proton particle-neutron hole multiplets. A very good agreement is obtained for all the four nuclei considered, 132 Sb, 130 Sb, 133 Te and 131 Sb. We predict many low-energy states which have no experimental counterpart. This may stimulate, and be helpful to, future experiments.
I. INTRODUCTION
The study of nuclei around doubly magic 132 Sn is a subject of special interest. This is well evidenced by the attention focused on these nuclei in several recent papers [1, 2] , which has resulted in a substantial increase in the knowledge of their properties. This offers the opportunity for testing the basic ingredients of shell-model calculations, in particular the neutron-proton effective interaction, well away from the valley of stability.
During the last few years, we have studied several nuclei in the 132 Sn region in terms of shell model employing realistic effective interactions derived from modern nucleon-nucleon (N N ) potentials [3, 4, 5, 6, 7] . While our main aim was to assess the ability of such interactions to give an accurate description of nuclear structure properties, in some cases we have also found it interesting to make predictions which could stimulate experimental efforts to gain further information on nuclei in this region.
So far, we have been mainly concerned with nuclei having few identical valence particles or holes. It is the purpose of this paper to present the results of realistic shell-model calculations for nuclei with proton particles and neutron holes around 132 Sn. Actually, the proton particle-neutron hole nucleus 132 Sb was already studied in a previous work [6] , where we considered 100 Sn as a closed core and treated the odd proton and the remaining 31 neutrons as valence particles. In that case we derived from the Bonn-A N N potential an effective interaction for two nucleons outside 100 Sn and consistently used a unique set of single-particle energies for neutrons and protons (see Ref. [6] ). This effective interaction, however, may not be quite adequate when moving away from closed shells since many-body correlations are likely to come into play. A more appropriate study of 132 Sb may be performed by making use of the particle-hole (ph) formalism, which implies that the proton-neutron effective interaction has to be explicitly derived for a system with one proton particle and one neutron hole away from 132 Sn. This is done here starting from the CDBonn N N potential [8] (in the discussion of Sect. IV we will comment on the results of our previous calculations as compared to the present ones). To have a more complete test of our realistic ph interaction, we also consider the neighboring odd-odd isotope 130 Sb as well as the two odd neighbors 133 Te and 131 Sb. We shall see in Sec. III that for the description of the two latter nuclei the effective interaction in the proton-proton and neutronneutron channels is also quite relevant. The interaction in these two channels is calculated in the particle-particle (pp) and hole-hole (hh) formalism, respectively.
To place this work in its proper perspective, it should be mentioned that the first attempts to derive realistic effective interactions in the ph formalism date back to the late 1960s and early 1970s. In this context, we may mention the work of Refs. [9, 10, 11] , where the nuclei 208 Bi, 40 Ca, 48 Ca, and 208 Pb were studied using ph matrix elements deduced from the Hamada-Johnston potential [12] . In Ref. [13] the effective interaction theory was applied to the study of the relation between the particle-particle and ph spectra. An important result of this work was the explanation of the violation of the Pandya pp-ph relation [14] . Despite these early achievements, little work [15] along these lines has been done ever since.
By considering the amount of experimental data which are becoming available on proton particle-neutron hole nuclei around 132 Sn, we have found it timely to revive this kind of calculations making use of a modern N N potential and improved many-body methods for deriving the effective interaction. As regards the latter, we make use here of a new approach [16] which provides an advantageous alternative to the use of the traditional Brueckner G matrix. It consists in deriving a low-momentum N N potential, V low−k , that preserves the physics of the original potential V N N up to a certain cut-off momentum Λ. This is achieved by integrating out high-momentum components of V N N . The scattering phase shifts and deuteron binding energy calculated from V N N are reproduced by V low−k . The latter is a smooth potential that can be used directly as input for the calculation of shellmodel effective interactions. A detailed description of our derivation of V low−k can be found in Ref. [16] .
Once the V low−k is obtained, the calculation of the matrix elements of the pp and hh effective interaction proceeds in the usual way, as described, for instance, in Refs. [17, 18] . Our derivation of the effective interaction in the ph formalism is outlined in Sec. II. In Sec. III we present the results of our calculations and compare them with the experimental data. Section IV contains a discussion and a summary of our conclusions.
II. PARTICLE-HOLE EFFECTIVE INTERACTION
Here, we give a brief description of how to derive the shell-model effective interaction V eff within the framework of the ph formalism. We use a model space folded-diagram formalism [19] . The basis states of the model space are the one-particle one-hole states | φ ph ≡ a † p a h | C , where a † p and a h denote respectively a proton particle and neutron hole creation operator and | C represents the 132 Sn core. The secular matrix is of the form
where ǫ denotes the unperturbed single-particle energy.
The effective interaction can be schematically written [19] in operator form as
whereQ is the irreducible vertex function, usually referred to as theQ-box.Q ′ is obtained fromQ by removing terms of first order in the interaction. The integral sign above represents a generalized folding operation. Once theQ-box is calculated, V eff is obtained by summing up the folded-diagram series of Eq. (2) to all orders by means of the Lee-Suzuki iteration method [20] .
As mentioned earlier, we have derived from the CDBonn N N potential the V low−k (hereafter this will be abbreviated as V ). Since it is a smooth potential (without strong repulsive core), we can use it directly in the calculation of the the vertex functionQ-box, which is composed of irreducible valence-linked diagrams. We have included all such diagrams through second order in V , namely six one-body diagrams and six two-body diagrams, shown respectively in Fig. 1 and Fig. 2 .
Regarding the one-body diagrams, their calculation within the ph formalism is the same as that in the pp and hh cases. However, since we are dealing with both external particle and hole lines, the calculation of the two-bodyQ-box diagrams is somewhat different. For example, the familiar core-polarization diagram, see (e) in Fig. 2 , is given by
wherex = (2x + 1) 1/2 and ω is the so-called starting energy. X is the standard normalized 9-j symbol. The matrix elements on the right-hand side of Eq. (3) are the cross-coupled ones [21] . They are related to the usual direct-coupled matrix elements by the simple transformation Using the diagram rules described in Ref. [21] , the expressions for the diagrams in Fig. 1 and the other secondorder diagrams of Fig. 2 can be readily obtained.
Note that in our calculation the effective interaction has both one-body and two-body connected terms. The one-body terms summed to the unperturbed energies of Eq. (1) represent the single-particle (SP) and single-hole (SH) energies of 133 Sb and 131 Sn, respectively. Thus, in Eq. (1) we have replaced the unperturbed energies with the experimental SP and SH energies, while in the φ ph | V eff | φ p ′ h ′ matrix elements we have retained only the two-body connected parts for the effective interaction. A subtraction method [22] has been used in extracting the two-body connected parts from the folded diagram series of Eq. (2).
III. RESULTS AND COMPARISON WITH EXPERIMENT
In this Section we present and compare with experiment the results of a shell-model study of the four nuclei 132 Sb, 130 Sb, 133 Te, and 131 Sb. In our calculations we consider 132 Sn as a closed core and let the valence protons and neutron holes occupy the five levels 0g 7/2 , 1d 5/2 , 1d 3/2 , 2s 1/2 , and 0h 11/2 of the 50-82 shell.
As mentioned in the Introduction, we start from the CD-Bonn free N N potential and derive the V low−k using a value of the cutoff parameter Λ=2.1 fm −1 (see Ref. [16] ). The effective interaction in the proton-neutron, proton-proton, and neutron-neutron channels has been derived in the ph, pp and hh representation, respectively.
The single-particle (SP) and single-hole (SH) energies have been taken from the experimental spectra of 133 Sb [23] and 131 Sn [24, 25] , respectively. The only exception is the proton ǫ s 1/2 which was taken from Ref. [3] , since the corresponding SP level has not been observed in 133 Sb. Our adopted values for the proton SP energies are (in MeV): ǫ g 7/2 = 0.0, ǫ d 5/2 = 0.962, ǫ d 3/2 = 2.439, ǫ h 11/2 = 2.793, and ǫ s 1/2 = 2.800, and for the neutron SH energies: The most appropriate system to study the protonneutron interaction is 132 Sb, with one proton valence particle and one neutron valence hole. Experimental information on this nucleus is provided by the studies of Refs. [28, 29, 30] . Two β-decaying isomers with J π = 4 + and 8 − are known, which originate from the πg 7/2 νd 130 Sb offers therefore the opportunity to gain more information on the proton-neutron interaction.
Several calculated multiplets for 132 Sb are reported in Fig. 3 and compared with the existing experimental data. Note that in Fig. 3(a) all energies are relative to the 4 + state while in Fig. 3(b) Fig. 3 have a leading component whose percentage is at least 85%.
As regards the comparison between theory and experiment, we see that the calculated energies are in good agreement with the observed ones. In fact, the discrepancies are all in the order of few tens of keV, the only exceptions being the 1 + and 9 − states of the πd 5/2 νd
and πg 7/2 νh −1 11/2 multiplets, which come about 300 keV above and 200 keV below their experimental counterparts, respectively.
It is evident from Fig. 3 that a main feature of all these multiplets (obviously leaving aside the doublet πg 7/2 νs −1 1/2 ) is that the states with minimum and maximum J have the highest excitation energy, while the state with next to the highest J is the lowest one. This pattern is in agreement with the experimental one for the πg 7/2 νd −1 3/2 multiplet and the few experimental data available for the other multiplets also go in the same direction. Before moving to 130 Sb, it is worth mentioning that in a very recent paper [2] some preliminary results are reported concerning the states of the πg 7/2 νh −1 11/2 multiplet. These results are consistent with the predictions of our calculations.
The calculated πg 7/2 νh −1 11/2 multiplet for 130 Sb is reported and compared with the available experimental data in Fig. 4 . For the experimental levels at 0.085, 0.112, and 0.145 MeV we adopt the J π = 5 − , 6 − , and 7 − assignment proposed in Ref. [31] , the 6 − state having been also observed in a more recent experiment [32] . For the level at 0.870 MeV we take the spin-parity value J π = 9 − [32] . We see that the calculated energies practically overlap the experimental ones, thus providing further support to our predictions for 132 Sb. As regards the wave functions of the states reported in Fig. 4 , we find that they are indeed dominated by the ph configuration πg 7/2 νh −1 11/2 while the remaining two neutron holes give rise to a zero-coupled pair occupying the d 3/2 , h 11/2 , and s 1/2 levels.
Based on the above agreement between theory and experiment, we have tried to clarify the nature of the lowlying positive-parity states of 130 Sb, none of them having received a firm spin assignment . In Table I all the calculated and experimental levels [33] up to 0.350 MeV are reported while in the higher-energy region we only include the four levels observed in Ref. [32] . The negative-parity states already presented in Fig. 4 Let us now come to the results for 133 Te and 131 Sb. Both these nuclei have been the subject of recent experimental studies [30, 34, 35] , where high-spin states of a particularly simple structure were identified. The calculated spectra of 133 Te and 131 Sb are compared with the experimental ones in Figs. 5 and 6 , where we also report the dominant configurations. We include all the observed and calculated states up to 1.3 and 1.8 MeV for the former and latter nucleus, respectively. The experimental levels in this energy region are taken from Ref. [33] , except the J π =
2
− in 131 Sb which is reported in Ref. [35] . In the higher energy regions, where several states with unknown or ambiguous spin and parity have been observed, we only include for both nuclei the high-spin states reported in [30, 34, 35] . As regards the calculated spectra, we report the states which can be safely associated with the experimental ones. In addition, we also show one (yrast) or two (yrast and yrare) states with J ≥ 13/2 which can be unambiguously identified as belonging to the πg 11/2 configurations. The three groups characterized by a neutron hole in the h 11/2 level correspond just to those existing in the experimental spectrum of 134 Te, which arise from the πg 2 7/2 , πg 7/2 d 5/2 and πg 7/2 h 11/2 configurations. This reflects the effect of the proton-proton effective interaction, while the protonneutron interaction is responsible for the arrangement of the states inside each group. As regards the quantitative agreement between theory and experiment, we see that all the observed excitation energies are very well reproduced by our calculations, the discrepancies being well below 100 keV for most of the states.
For
131 Sb, we find that none of the first seven positiveparity states is dominated by a single configuration. However, it turns out that the ground and first excited states result essentially from the coupling of the valence proton in the g 7/2 and d 5/2 levels to the ground state of 130 Sn, while in the other five states the g 7/2 valence proton is coupled to the first 2 + state. The states of the next two groups shown in Fig. 6 are instead dominated by a single configuration. They correspond to the νd 
11/2 multiplets in
130 Sn, with the proton in the g 7/2 level. From Fig. 6 we see that up to 1.8 MeV a one-to-one correspondence can be established between the experimental and calculated spectra. The experimental state at 1.76 MeV with unknown spin and parity may be identified with our It should be mentioned that some other states, which are not reported in Fig. 6 , are predicted by the theory just above the 9 2 − one. As it was the case for 133 Te, the quantitative agreement is quite satisfactory, the discrepancies being larger than 100 keV only for the excitation energies of the Sb, employing an effective interaction derived from the CDBonn nucleon-nucleon potential. This has been done within the framework of a new approach [16] to shellmodel effective interactions which provides an advantageous alternative to the usual Brueckner G-matrix method. The effective interaction in the proton-neutron channel has been explicitly calculated in the ph formalism.
We have shown that all the experimental data available for these nuclei are well reproduced by our calculations. These data, however, are still rather scanty and we have found it challenging to make predictions which may stimulate further experimental efforts to study these neutron-rich nuclei lying well away from the valley of stability.
In this connection, of great interest are the protonneutron hole multiplets. A relevant outcome of our calculations is that the highest-and lowest-spin members of each multiplet are well separated from the other states which lie very close in energy (see Figs. 3 and 4) . This behavior is completely consistent with the experimental data (only one multiplet, however, is completely known) and is quite similar to that observed more than thirty years ago for the multiplets in the heavier particle-hole nucleus 208 Bi [9, 36] . Also, it is worth noting that in all of our calculated multiplets the state of spin (j π + j ν − 1) is the lowest, in agreement with the predictions of the Brennan-Bernstein coupling rule [37] .
To conclude this discussion, let us make some comments about our previous calculations on 132 Sb [6] , which were briefly outlined in the Introduction. To start with, we should point out that they also led to a good agreement with the available experimental data. In Table II the excitation energies of the low-lying positive-parity states obtained from the previous and present calculations are reported and compared with the experimental ones. We see that the differences between the results of the two calculations do not exceed few tens of keV. It turns out, however, that significant differences exist for some states which have no experimental counterpart, in particular the J = 0 + states. Of course, these are to be ascribed to the differences in the two calculations, namely the N N potential we start from and the derivation of V eff which implies having two different closed cores, 100 Sn and 132 Sn. Since a main feature of the present calculations is the derivation of the proton-neutron effective interaction in the particle-hole formalism, we have found it interesting to calculate the ph matrix elements starting from the pp ones of Ref. [6] by means of the well-known Pandya transformation [14] and compare them with those obtained directly in the ph formalism. To make this comparison free from ambiguites, the latter have been calculated starting from the Bonn-A N N potential. By way of illustration, the matrix elements < πg 7/2 νd Table III . We note that the differences are within 150 keV in all cases, with the exception of the J = 0 matrix elements which differ by about 700 keV. These findings are in line with those of the study [13] , where it was shown that the pp-ph transformation of Pandya is an approximation to a more general manyparticle relation. 
